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Po statističnih izračunih EASA letnih pregledov varnosti, je izguba nadzora nad letalom eden 
izmed glavnih razlogov, ki privedejo do letalske nesrče. Razne naprave in konstrukcijski 
dodatki za opozarjanje na porušitev vzgona so pogosto uporabljeni v modernih letalih. 
Njihova glavna naloga je opozarjanje pilota na bližajočo se porušitev vzgona, njeno 
preprečevanje ali zakasnitev. V večini se pri tem osredotočajo na usmerjanje pozornosti 
pilota in ne dajejo prostorskih ali reakcijskih smernic. Cilj je razviti napravo, ki ne bi le 
preprečila ali le opozorila pilota, da se letalo približuje nevarnemu ali neučinkovitemu 
režimu leta, temveč da bi ga vodila do pravilnega reševanja oz. izhoda. 
Diplomska naloga zajema preiskavo, kodiranje in vrednotenje metod haptičnega vodenja, ki 
bodo uporabljene pri nadaljnjem razvoju omenjene naprave.  
Najprej so preučene obstoječe rešitve in literatura na področjih haptičnega čuta in vibracijske 
povratne zveze. Eksperimentalno preizkuševališče je sestavljeno iz igralniške palice, dveh 
vibracijskih motorjev in arduino MEGA mikrokrmilnika. Na podlagi preučenih podobnih 
rešitev in literature sta bila določena dva parametra vodenja, na katere je možno vplivati: 
trajanje pulza in ritem vibracij. Način kodiranja informacij o razdalji med dejanskim 
položajem naprave in njenim želenim končnim položajem z vibracijsko povratno zvezo je, 
glede na vpliv na omenjena parametra, razvit v treh različnih kombinacijah: »ritem«, 
»trajanje«, ter »ritem in trajanje«.  
Izpeljan je test z namenom preučitve osnovne intuitivnosti treh razvitih metod. Rezultati 
testa naj bi pripomogli k nadaljnemu primerjalnemu vrednotenju. Osnovna naloga vsake 
metode vključuje sledenje vibracijskim povratnim zvezam do naključno določenega 
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položaja igralniške palice ter ohranjanje tega položaja do naslednjega novo-določenega. 
Poskusni osebek mora za vsako metodo izvesti en poskus. Vsak poskus vključuje sledenje 
ter držanje 21 naključno določenih  položajev.  Med tem mora poskusni osebek jasno izražati 
svoje zaznavanje vibracij in občutke povezane z vibracijsko povratno zvezo vsake metode. 
Glede na rezultate, je metoda »ritem« izključena, saj je osebek z njo dosegel manjšo 
natančnost in ob tem tudi pripomnil, da je nejasna in begajoča, zlasti na intervalu v 
neposredni bližini položaja, kjer so za tako majhne razdalje dosežene hitrosti roke relativno 
zelo visoke.  
Z namenom, da bi se pri uporabi metod povišalo doseženo natančnost, je obema obstoječima 
metodama dodana povratna vibracijska zveza, poimenovana nasprotna vibracija. Ta naj bi 
se izvršila le, ko je želen položaj prvič dosežen. Na tak način naj bi opozorila poskusni 
osebek o doseženem cilju in pri poskusu držanja položaja preprečila izvajanje večjih napak.  
Obe metodi z obema verzijama, z in brez nasprotne vibracije, sta preizkušeni in ovrednoteni. 
Preizkus je potekal na 22 poskusnih osebkih, 16 moškega spola ter 6 ženskega, med 21. in 
27. letom starosti. Ti so bili naključno razdeljeni v dve skupini – 11 osebkov za vsako metodo 
– zato da ne bi prišlo do izkrivljanja  rezultatov  meritev učnega procesa zaradi podobnosti 
metod.  
Vsak osebek je moral preizkus opraviti v treh delih: učni del, ki je vključeval sledenje in 
držanje 30 položajev in katerega meritve so bile primerjane z meritvami glavnega dela ter 
uporabljene za ovrednotenje vpliva metode na učljivost; glavni del, ki je ravno tako 
vključeval sledenje in držanje 30 položajev in katerega meritve obeh metod so bile 
primerjane med seboj za ovrednotenje vpliva metode na natančnost; ter del nasprotne 
vibracije, ki je vključeval enako nalogo kot ostala dva dela in katerega meritve so bile 
primerjane z meritvami glavnega dela ter uporabljene za ovrednotenje uporabnosti nasprotne 
vibracije. Vsi osebki so morali ob tem izraziti svoja zaznavanja in občutke.  
Izmerjeni podatki so bili ovrednoteni na bazi preizkušanja statističnih hipotez. Ovrednoteni 
so bili vpliv metod na natančnost, vpliv metod na učljivost in uporabnost nasprotne vibracije. 
Na podlagi enostranske t-test analize dveh neodvisnih vzorcev s stopnjo značilnosti 0,05, je 
metoda »trajanje« dosegla pomenljivo večji vpliv na natančnost v primeru vseh treh 
merjenih parametrov (p vrednosti 0,0025; 0,00508; 0,000003). 
Na podlagi enostranske t-test analize dveh odvisnih vzorcev (glavni del in del nasprotne 
vibracije) metode »trajanje« s stopnjo značilnosti 0,05, v primeru vseh treh merjenih 
parametrov, nasprotna vibracija ni dosegla pomenljivega vpliva na natančnost (p vrednosti 
0,264; 0,315; 0,283). 
Nasprotno je na podlagi enostranske t-test analize dveh odvisnih vzorcev (glavni del in del 
nasprotne vibracije) metode »ritem in trajanje« s stopnjo značilnosti 0,05, v primeru vseh 
treh merjenih parametrov, nasprotna vibracija dosegla pomenljivo pomanjšanje  natančnosti 
(p vrednosti 0,0000012; 0,000013; 0,0097). 
Poleg tega je 18 osebkov od 22 izjavilo, da jih je nasprotna vibracija močno zmedla zaradi 
nenadne povratne zveze, ki je pri njih vzbudila nesigurnost, dodatno instinktivno premikanje 
roke in občutek pomanjšanja natačnosti. 
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Na koncu je bil ovrednoten še vpliv na učljivost na podlagi enostranskih t-test analiz dveh 
odvisnih vzorcev (učni del in glavni del) s stopnjo značilnosti 0,05 dveh parametrov (čas 
držanja in potrebni čas za sledenje do položaja) za vsak osebek posamezno.  
Le 4 osebki metode »trajanje« so dosegli pomenljivo izboljšavo obeh parametrov, medtem 
ko je pri metodi »ritem in trajanje« pomeljivo izboljšavo za čas držanja doseglo 9 osebkov 
in za potrebni čas za sledenje do položaja 7 osebkov. 
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Encoding and evaluation of haptic guiding methods with vibrotactile feedback are made as 
part of a project, the aim of which is designing a device that would help the pilot achieve a 
greater precision in-flight. Different kinds of stall warning devices and structural additions 
already exist that focus on attentional guidance, but do not consider spatial and movement 
guidance. The parameters, which can be manipulated, are defined and studied leading to 
three different combinations: »Only Duration« (OD), »Only Rhythm« (OR) and »Rhythm 
& Duration« (R&D). A pilot test was conducted to define their basic intuitiveness, narrowing 
the guiding methods down to two – OD and R&D. An additional vibration, named »vibration 
alert« (VA), is added to both methods with the aim of increasing the accuracy. These two 
methods are tested with a series of hypothesis tests to evaluate their learnability, accuracy, 
and intuitiveness. Based on the results the OD method is found out to be significantly more 
accurate than the R&D method. The additional vibration led to no significant improvements 
for the OD method and a significant decrease in the accuracy of the R&D method. Bigger 
improvement is achieved using the R&D method compared to the OD method.  
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1. Introduction 
1.1. Motivation 
It is well known that the in-flight loss of control (LoC-I) of an aircraft represents the cause 
of a large number of accidents in aviation. Various EASA Annual Safety Reviews and other 
reference safety statistics have repeatedly identified LoC-I as a primary accident category in 
light and heavy aircraft [1].  
Such losses of control usually involve a full stall or an approach to a stall at some stage in 
the event sequence, whether as the initiating factor or as a later consequence. Even though 
pilots are taught to recognize, avoid and recover from stalls during the early flight training, 
the inadvertent LoC-I of the aircraft continues to occur, with the circumstances of each new 
accident often similar to those of previous ones.  
Therefore, different stall warning devices and structural addition already exist in most 
aircraft. Their function is to warn the pilot, or to postpone the stall, or to prevent it or to make 
it less severe. They focus only on attentional guidance, and do not consider spatial and 
movement guidance.  
In consequence, the desire to fill up this lack, a desire to design a device which would help 
the pilot to achieve greater precision during the flight appeared. A device, which would not 
just warn the pilot that the aircraft is in a dangerous flight mode, but that would guide him 
into solving it and also guide him into solving any inefficient way of flying. 
1.2. Thesis Goals 
The first aim of designing such a device is to encode the distance information with 
vibrotactile feedback. That means a haptic guiding method (GM) which would guide the 
pilot's hand and provide him with a spatial and movement guidance. Different motifs of 
vibrotactile feedbacks can represent simple actions and, when combined, they can represent 
even more complex concepts. These kinds of connections between the motifs and their 
meaning require being learned. Considering that the pilot senses are constantly exposed to 
different kinds of feedback, and because of this more concentration is required, the human 
perception and reaction at such method should be intuitive and simple, almost automatic. 
Introduction 
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Therefore, the goal of the thesis is to investigate, codify, and evaluate methods of haptic 
guidance which will be used in the future development of the aforementioned device. This  
is done through studying suitable and intuitive methods of encoding the distance information 
with vibrotactile feedback, examining existing solutions and studying the literature from the 
field of haptic feedback. After the development of the software frameworks for different 
GMs the thesis aims to design an experiment, create a test-bed, test selected methods, and 
evaluate and compare their performance. 
1.3. Thesis structure 
This thesis is divided into eight chapters. Chapter 1. Introduction presents the motivation for 
this project and its goals. Chapter 2. Theory of flight lays the foundations by briefly 
presenting the concept of the theory of flight, stressing out the stall, which is one of the  main 
causes of the LoC-I. The chapter lists different type of stalls and flight manuevers, ending 
with the possible categorisation of the LoC-I's occurances in connection to their origin. In 
chapter 3. Related solution, the exsting solutions are described stressing out the the lack of 
spatial and movement guidance. In chapter 4. Haptic feedback, the basic knowledge about 
haptic sense and haptic feedbacks is presented. Chapter 5. Hardware focuses on the 
experimental hardware which was used for the testing of the GMs. 
The developement of the design and structure of the software is presented in chapter 6. 
Software Framework providing a more detailed explanation of the methods design and the 
measured parameters used then for the evaluation.   
Chapter 7. Final testing describes the test specifications and examines the evaluation and it 
results. 
Finally, chapter 8. Conclusion provides a summary of the work, examines the results of the 
evaluation and opportunities for future expansions of the project. 
The thesis thus follows a natural chapter division with respect to the research goals, where 
each of the examined fields is described as a whole. 
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2. Theory of flight 
2.1. A brief overview of aerodynamics 
The understanding of the properties of the motion of the air around a solid body and the 
interaction between the two of them is essential to get acquainted with the risks and hazards 
when flying. Therefore a brief explanation follows. 
2.1.1. Air and airflow 
The explanation of the theory of flight is focused almost entirely on fluids in motion or more 
precisely on body's motion through fluids. The air is indeed the main fluid we are concerned 
with. Therefore, a closer look at it will be explained. To classify the air flow field the density, 
pressure, viscosity and flow velocity are used as properties. However, because of the 
invisibility of the air, some properties and many phenomena of flight are difficult to 
understand [2].  
When calculating the forces and moments that are acting on a solid body, which is moving 
through the air, it should be considered that the fluid behaves differently according to its 
speed. The study about the modern flight is therefore divided in flight at subsonic speeds 
and flight at supersonic speeds [2].  
The explanation of the phenomena in the subsonic flight is enough to understand the events 
in dangerous flight modes [2]. It is often assumed that the flow field behaves as a continuum. 
That means that the fluid properties can be defined everywhere within the flow [2].  
Air density 
As mentioned above, there are some misleading ideas about some air properties. One of them 
is the air density, the mass divided by the volume that the atmospheric gases occupy. Beside 
its invisibility, the air feels thin. Therefore, the perception of the air mass, for who has not 
studied it, can be wrong. The air density, even though low compared with other fluids (nearly 
800 times lower than the water density), is the property which makes airborne flight possible: 
the forces, that support the aircraft, entirely depend on it. 
It decreases with the increase of the altitude, and beside it, it is in relation to the temperature, 
the pressure and the humidity of the air [2] (shown in Figure 2.1, Figure 2.2 and Figure 2.3). 
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- Function of pressure and temperature 
When taking into account dry air, the air density can be calculated using the ideal gas law 
(Equation (2.1)).  
𝝆 =
𝒑
𝑹𝒅 ⋅ 𝑻
=
𝒑 ⋅ 𝑴𝒅
𝑹 ⋅ 𝑻
 (2.1) 
ρ … air density [kg/m3] 
p … dry air pressure [Pa] 
Rd … dry air individual gas constant [J/kgK] 
T … temperature [K] 
Md … dry air molar mass [kg/mol]  
R … universal gas constant [J/molK] 
 
 
 
- Function of humidity 
When comparing a particular volume of moist air to the same volume of dry air, keeping the 
pressure or temperature from increasing, the density of the moist air will be smaller, because 
of the molar mass of the water, which is less than the molar mass of dry air (Equation (2.2)). 
𝝆𝒎_𝒂 =
𝒑𝒅
𝑹𝒅 ⋅ 𝑻
+
𝒑𝒗
𝑹𝒗 ⋅ 𝑻
=
𝒑𝒅 ⋅ 𝑴𝒅 + 𝒑𝒗 ⋅ 𝑴𝒗
𝑹 ⋅ 𝑻
 
(2.2) 
ρm_a … moist air density  [kg/m
3] 
pd … dry air partial pressure [Pa]  
pv … water vapor partial pressure [Pa]  
Rd … dry air individual gas constant [J/kgK]  
Rv … water vapor individual gas constant [J/kgK]  
T … temperature [T] 
Md … dry air molar mass [kg/mol]  
Mv … water vapor molar mass [kg/mol]  
R … universal gas constant [J/molK]   
 
Figure 2.1 Graph of air density at varying pressure and temperature [3]. 
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- Function of altitude 
When calculating air density as a function of altitude, some additional parameters are 
required. These parameters are constants determined by the International Standard 
Atmosphere (ISA).  For all practical purpose, the atmosphere can be assumed as an ideal gas 
(Equation (2.3)). 
𝝆 =
𝒑𝟎 (𝟏 −
𝒂𝒉
𝑻𝟎
)
𝒈
𝑹𝒅𝒂
𝑹𝒅 ⋅ (𝑻𝟎 − 𝒂𝒉)
 
(2.3) 
ρ … air density [kg/m3] 
p0 … ISA sea level pressure [Pa] 
a … temperature lapse rate [K/m] 
Rd … dry air individual gas constant [J/kgK]  
T0 … ISA sea level temperature [K] 
h … altitude [m] 
g … earth-surface gravitational acceleration [m/s2]  
 
 
 
Figure 2.2 Graph of air density at varying humidity and temperature [4]. 
1.1 
Figure 2.3 Graph of air density at varying altitude [5]. 
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Air pressure 
The air pressure, also called atmospheric pressure, is the pressure within the atmosphere of 
the Earth. It is expressed by force per unit area and measured in pascals.  
The air pressure is expressed as a function of altitude, humidity, and temperature (Equation 
(2.4), shown in Figure 2.4) 
𝒑 = 𝒑𝟎 ⋅ (𝟏 −
𝒂𝒉
𝑻𝟎
)
𝒈𝑴𝒅
𝑹𝒂
 (2.4) 
p … air pressure [Pa] 
p0 … ISA sea level pressure [Pa] 
a … temperature lapse rate [K/m] 
R … universal gas constant [J/molK]  
T0 … ISA sea level temperature [K] 
h … altitude [m] 
g … earth-surface gravitational acceleration [m/s2]  
 
 
 
 
 
Figure 2.4 Graph of air pressure at varying altitude  [6]. 
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Air viscosity 
An important property of air is its viscosity, which represents the resistance of the air to the 
gradual deformation caused by the shear stress. 
When talking about viscosity as the resistance to shearing flows, we are more precisely 
referring to the dynamic viscosity. The most comprehensible explanation is the example of 
two horizontal plates, one fixed and the other moving with speed u (Figure 2.5). In between 
of these, a homogeneous fluid is trapped. The fluid particles are moving parallel to the 
moving plate, and their speed varies linearly from zero (at the bottom - stationary plate) to 
the speed u (at the top – moving plate). Each layer of fluid is moving faster than the one just 
below it. The friction in between of them represents a resisting force to their relative motion. 
To keep the top plate still moving at its constant speed u an external force F is needed [8]. 
This force is a function of the speed u, the area A of each plate, their distance y, and the fluid 
dynamic viscosity μ [8] (Equation (2.5)). 
𝑭 = 𝝁 ⋅ 𝑨 ⋅
𝒖
𝒚
 (2.5) 
F … external force [N] 
A … area[m2] 
u … speed [m/s] 
y … plates distance [m] 
μ … dynamic viscosity [Pa s]  
 
 
In some cases, the ratio between dynamic viscosity and the density of the fluid, called 
kinematic viscosity, is needed [8] (Equation (2.6)).   
𝝂 =
𝝁
𝝆
 (2.6) 
ν … kinematic viscosity [m2/s] 
μ … dynamic viscosity[Pa s] 
ρ … density [kg/m3] 
 
 
Figure 2.5 Viscosity - example of two horizontal plates [7]. 
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Air streamlines 
To depict/ visualise the fluid flow the streamlines are usually used. The streamlines represent 
the direction in which an element of the fluid will travel at any point in the time (Figure 2.6). 
A body so shaped as to produce the least possible resistance is said to be of streamline shape 
[2]. 
 
2.1.2. Airfoil profile in the air flow 
When we put an airfoil profile in the air flow, due to its curvature and tilt which create a 
specific pressure distribution, a new force, called aerodynamic force,  arises (Figure 2.7). 
This force is obliqued to the flow direction, and when treated, it is usually divided into its 
two component: the lift and the drag [8].  
The air over the top surface acts as it is passing through a bottleneck (venturi tube) and 
therefore its velocity increases, i.e. at the highest points of the curved aerofoil. The increase 
in velocity represents an increase in kinetic energy which leads to a corresponding decrease 
in static pressure (Bernoulli’s Theorem) [2].  
  
Figure 2.6 Effect of streamlining [2]. 
Figure 2.7 Airfoil in the air flow: (a) Pressure distribution (b) Air flow streamlines [8]. 
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Turbulent and laminar boundary layers 
The region surrounding an object which is moving through the air flow, where the airspeed 
increases from zero to its maximum, is known as the boundary layer. 
When the layers of the flowing fluid are parallel with no disruption between them, the flow 
is called laminar (Figure 2.8 (a)). As soon as the flow starts to change chaotically in pressure, 
velocity, and direction, creating turbulence, the flow is called turbulent (Figure 2.8 (b)). 
Due to the airfoil profile curvature and tilt, the boundary layer around its contour develops 
as laminar and/or turbulent flow.  
 
   
It is usual for the boundary layer to start by being laminar near the leading edge of the profile, 
but there comes the point, called the transition point, when the layer tends to become 
turbulent and thicker Figure 2.9 (a)). The position of the transition point is connected to the 
Angle of Attack (AoA).  
With the increasing of the AoA, a separation of the airflow from the upper surface happens. 
(Figure 2.9 (b)) This is also connected to the lift: here the separation occurs there no lift. [2]  
 
Figure 2.8 Laminar and turbulent boundary layer [2]. 
Figure 2.9 (a) Transition point [2] and (b) Separation [8]. 
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The angle of attack and the critical angle of attack 
The AoA is the angle between the chord line of the airfoil profile and the vector representing 
the relative motion of the oncoming airflow. (Figure 2.10 (a)) Its increasing and decreasing 
is directly connected to the speed of the aircraft, and both of them affect the lift coefficient 
[2]. 
The lift coefficient increases with the increase of the AoA up to a maximum lift which is 
reached at a critical AoA called also stalling angle.  When the AoA increases, the separation 
of the airflow becomes more and more pronounced (Figure 2.9 (b)).  
Because of that, the rate of increase of the lift coefficient gets reduced (Figure 2.10(b)) [2].  
At a critical AoA, the separation of the airflow covers most of the upper surface of the 
profile. At this same angle, there is a maximum lift coefficient [2].  
When the AoA increases even further, the airflow is almost entirely separated, and the profile 
produces less lift [2]. 
When an aircraft reaches or exceeds the critical AoA during the flight, is said to be in a stall 
[2].  
 
 
 
 
Figure 2.10 (a) Angle of Attack [2] and (b) Lift curve [2]. 
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2.2. Stall 
The Figure 2.10 shows the lift curve of an airfoil. It is possible to get acquainted with the 
behaviour of the lift in relation to its angle of attack: at small AoA, any increase in the angle 
will increase the lift, but after reaching a certain angle, any further increase of angle will 
result in a loss of lift. This angle is called the stalling angle or the critical AoA of an airfoil. 
It is noteworthy that the shape of an airfoil does not significantly affect the angle at which 
the stalling take place, although it may affect considerably the amount of lift obtained at that 
angle [2]. 
The stalling angle is, therefore, the angle at which the lift reaches its maximum value, and 
beyond which it begins to decrease. That happens because of the separation of the airflow 
over the wings [2]. 
The flow separation begins to occur already at small angles of attack, but the attached flow 
is still dominant then. The increasing of the AoA leads to the increase of the separated area 
on the top of the wing which reduces the wing's ability to create lift. When the critical AoA 
is reached, the produced lift reaches its maximum value; the separation on the top of the 
wing is so dominant, that a further increase of the AoA leads to a decrease of the produced 
lift and a further increase of the drag [2].  
The understanding of the consequences of a stall during flight is of significant importance 
for the understanding of the overall goal of this project. 
Therefore the procedure of a deliberate stall is explained below.  
The mentioning of different kinds of stall also follows, with the aim to additionally clarify 
the hazards and risks of flight.  
 
2.2.1. Deliberate Stall Procedure  
Because of the possibility to reach a stall with an aircraft in any pitch attitude or bank angle 
or at any airspeed, deliberate stalling is commonly practised by the pilots to train the 
recognition, avoidance, and recover from it [9].   
It consists of a reduction of speed to the unaccelerated (≤ 1G) stall speed. This speed varies 
based on the type of the aircraft. The manoeuvre consists in reaching the stall speed in a 
straight flight by increasing the AoA. It is commonly reached at the stalling angle, and it can 
be recognised by luck of response of the flight controls and by a possible buffeting, which 
is a result of the separated turbulent air hitting the tail of the aircraft [9]. 
As mentioned above, when reaching the stall the wing does almost not produce lift because 
of the dominant separation. Therefore, it is not able to support the aircraft's weight, and this 
leads mostly to a descend and a nose pitch down [9]. 
To recover from the deliberate stall LoC-I, the pilot has to lower the nose to reduce the AoA 
and increase the speed. This should be done until the air-flow over the wing reaches its 
smoothness again. As soon as the wing produces enough lift, the regular flight can be 
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resumed back [9]. This deliberate and controlled manoeuvre leads to a significant loss of 
altitude, for this reason, it has to be done at a safe altitude. The amount of the loss of altitude 
depends on the type of the aircraft [9].  
From this explanation is it possible to conclude that the primary dangerous aspect of a stall 
is the loss of hight if there's not enough altitude for the recovery [9]. 
2.2.2. Types of Stall 
Cross-Control Stalls 
Whenever making turns, it is of great importance a coordinated use of control pressures. 
When the critical AoA is exceeded in combination to the aileron pressure applied in one 
direction and the rudder pressure in the opposite one (equals an uncoordinated flight), the 
cross-control stall can occur. If it does, the aircraft's nose pitches down, the bank angle 
suddenly changes, and the aircraft continues to roll to an inverted position, which is usually 
the beginning of a spin [9]. 
Spin 
It is an aggravated stall which results in an auto-rotation about the vertical or the longitudinal 
axis, wherein the aircraft follows a corkscrew. This auto-rotation is caused by an 
asymmetrical stall (Figure 2.11) that occurs because of an unequal AoA on the aircraft's 
wings. The wing that stalls first drops, increasing its angle of attack and deepening the stall. 
The other wing consequently rises, decreasing its angle of attack, and the aircraft yaws to a 
more deeply-stalled wing [9]. It is possible to enter a spin (Figure 2.12) from any flight 
attitude and any airspeed.  
There are two possible kinds of rotations in a spin  
1) the difference in lift between the two wings causes the aircraft to roll 
2) the difference in drag causes the aircraft to yaw 
 
Figure 2.11 Asymetrical stall of the aircraft's wings [9] and the lift curve as explanation of the 
auto-rotation [2]. 
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Secondary Stalls 
It refers to a stall that occurs after recovery from a preceding stall. It can be caused by 
attempting to return to the desired flight path too quickly, or when the pilot does not 
sufficiently reduce the AOA by lowering the pitch attitude, or when the pilot attempts to 
break the stall by using power only. Therefore, the recovery from the first stall is interrupted 
because the critical AOA is exceeded a second time [9]. 
Accelerated Stalls 
When the aircraft is subject to an acceleration greater than +1G (when turning, pulling up, 
or other abrupt changes in flight path) the stall can be reached at higher speeds than the so-
called published stall speed Figure 2.13). This happens due to a higher lift demand to balance 
the weight of the aircraft plus the extra lift needed to provide the vertical or lateral 
acceleration [9]. 
 
 
Figure 2.12 A spin [2]. 
Figure 2.13 Example of accelerated stall. 
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2.3. Flight Maneuvers 
What every pilot should be capable of, to be considered a competent pilot, is to perform the 
flying tasks with as fewer risks and hazards as possible, besides being aware at any point 
what is really going on with the aircraft. All the flying tasks are based upon four basic flight 
manoeuvres that the pilot would require to master: straight-and-level flight, turns, climbs, 
and descents. That means that all the flight manoeuvres are the combination of this basic 
four [9]. 
Those, who do not fulfil this knowledge and awareness, have more significant possibilities 
to make mistakes which can lead to a LoC-I of the aircraft. Besides the human factor that 
depends on the pilot, there are more different possible causes for a LoC-I. They are 
mentioned at the end of this chapter.  
The four basic flight manoeuvres and the most common manoeuver in which the LoC-I 
accidents occur are described ahead, and their common mistakes are mentioned.   
2.3.1. Straight-and-Level Flight 
This manoeuvre is referred to a flight in which a constant heading and altitude are 
maintained. Continuous calculations of the information got from understanding the effect of 
the used control surfaces, proper using of the outside visual references and the instrument's 
references, are used to achieve a well performed Straight-and-Level flight, with proper 
proportional, effective and timely corrections [10]. 
Some pilot's common mistakes [9]: 
- Use of improper pitch and bank reference points to establish attitude;  
- Forgetting the location of preselected reference points on subsequent flights; 
- Relying only on the flight instruments to establish or correct airplane attitude  
- Automatic movements on the flight controls rather than movements with accurate and 
smooth pressure to affect change; 
- A tight palm grip on the flight controls resulting in a desensitized feeling of the hand and 
fingers, which results in overcontrolling the airplane; 
- Failure to make timely and measured control inputs when deviations from the straight-
and-level flight are detected.  
2.3.2. Turns  
The banking of the wings in the desired direction initiates a turn (Figure 2.13 (b)). The pilot 
controls it through the use of the ailerons. Depending on the angle and on the aircraft design, 
the aircraft will continue to turn at certain bank angles even with ailerons neutralized. 
During the execution of the turn, all three primary controls are used to keep it coordinated. 
The ailerons bank the wings in order to determine the bank angle. The elevator moves the 
nose of the aircraft up or down in relation to the pilot, setting the pitch attitude in turn and 
pulling the nose of the airplane around it. The rudder offsets any yaw effects developed by 
the other controls [10]. 
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Turns are divided into three main classes [9]: 
- Shallow turns (bank angle ≤ 20°) - the aircraft tends to return  the wings to level flight 
- Medium turns (20° < bank angle ≤ 45°) - the aircraft does not tend to return the wings to 
level flight, but it tends to remain at a constant angle without any pressure held by the 
pilot. To maintain the bank, neutralization of the ailerons is commonly necessary. 
- Steep turns (bank angle ≥ 45°) - the aircraft continues in the direction of the bank even 
with neutralized ailerons. To prevent the airplane from overbanking an opposite pressure 
on the ailerons is necessary. 
Some pilot's common mistakes [9]: 
- Gaining or losing altitude during the turn; 
- Not holding the desired bank angle constant; 
- Attempting to execute the turn solely by instrument reference; 
- Failure to coordinate the controls; 
- Inadequate back-elevator as power is reduced, leading to altitude loss; 
- Excessive back-elevator is resulting in a climb, followed by a rapid airspeed 
reduction. 
2.3.3. Climb and Descend 
When entering a climb or a descend the aircraft changes its flight path from level flight to a 
climb or a descending attitude. It's weight no longer acts in a solely perpendicular direction 
to the flight path [10].  
There is a necessity to overcome the weight in order to achieve a climb. Therefore an 
excessed lift is required. This leads to more induced drag that results in a decreased airspeed. 
In order to maintain a minimum airspeed in the climb, an increased power setting is needed. 
A climb rate is therefore limited by the excess thrust available [10]. 
When entering a descend the situation is the opposite. The lift is reduced in order to lose 
altitude. This leads to a decreased induced drag that will result in an excess thrust and 
therefore in a higher airspeed. A power reduction is required to balance the forces if the 
initial airspeed is to be maintained [10]. 
 
Pilot's common mistakes [9]: 
- Applying elevator pressure too aggressively resulting in an excessive climb angle; 
- Possible aircraft's yaw during climbs, usually due to inadequate right rudder pressure; 
- Improper coordination that can lead to a slip which alters the rate of climb, resulting in 
little or no altitude gain; 
- Trying to exceed the aircraft’s climb capability; 
- Forgetting to slow the aircraft to approximate glide speed before lowering pitch attitude; 
- Inadequate pitch control during recovery from descends; 
- Cross-controlling during descending turns near the ground; 
- Failure to maintain constant bank angle during descending turns. 
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2.3.4. Take-off, Approach and Landing 
In general aviation's non-commercial operations there are on average, according to [1], 80.9 
accidents and serious incidents per year occurring during take-off, 43.8 during approach and 
206.2 during landing.   
This information leads to consider the fact, that even though it may seem relatively simple, 
this three flight manoeuvres presents the most hazardous parts of a flight [10].  
 
In order to help the pilot better understand the procedures, hazards and risks, the take-off 
manoeuver is divided into three phases (Figure 2.14): 
- the take-off roll, when the aircraft is accelerated from a standstill to an airspeed that 
provides sufficient lift; 
- the lift-off, when the wings are lifting the weight of the aircraft off the surface; 
- the climb, when the aircraft leaves the surface and a climb pitch attitude has been 
established.  
The dividing into phases it was done also with the last part of the approach pattern and the 
actual landing (Figure 2.15): 
- the base leg, the flight path at right angles to the landing runway that normally extends 
from the downwind leg to the intersection of the extended runway centerline; 
- the final approach, the part of the approach procedure in which alignment and descent 
for landing are accomplished; 
- the round out or flare, a slow, smooth transition from a normal approach attitude to a 
landing attitude - the angle of attack has to be increased, in order to momentarily increase 
the lift, and thereby decreasing the rate of descent; 
- the touchdown, the moment at which the aircraft comes into contact with the landing 
surface; 
- the after-landing roll, the stage during which the aircraft travels along the runway while 
losing speed. 
Figure 2.14 Take-off phases [10]. 
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There are a lot of different factors that affect the procedure of each take-off, approach and 
landing: from the wind direction –headwind, tailwind or crosswind–, to the runway length, 
to the possible obstacles that lead to a different rate of climb or descent, to the use of flaps 
or not, to approach angles, etc. Furthermore, these are manoeuvers performed close to the 
ground. Therefore a small mistake that leads to a LOC-I that requires a certain amount of 
altitude for the recovery can be fatal. For this reason, the studying and understanding of 
different procedures for these manoeuvers are of substantial importance for each pilot [10]. 
For the take-off the most common mistakes are [9]: 
- failures on the ground : abrupt use of the throttle; failure to anticipate the aircraft’s left 
turning tendency on initial acceleration; side-skipping due to improper aileron 
application; etc.  
- failures made during the lift-off : premature lift-off resulting in high drag; inadequate 
drift correction after lift-off; relying solely on the airspeed indicator rather than 
developing an understanding of visual references and tracking clues of aircraft airspeed 
and controllability during acceleration and lift-off; etc.  
- failures made during the initial climb : inadequate compensation for torque during initial 
climb resulting in a sideslip; failure to attain/maintain best rate-of-climb airspeed or 
desired climb airspeed; attempting to climb out of ground effect area before attaining 
sufficient climb speed etc. 
For the approaches and landings the most common mistakes are [9]: 
- failures on the base leg : inadequate wind drift correction on the base leg; poor 
coordination during the turn from base to final approach; failure to recognize a condition 
that warrants a rejected landing; etc. 
- failures on the final approach : unstable approach; inadequate compensation for wind 
drift on final approach; etc. 
- failures on the round out : focusing too close/far to the aircraft resulting in a too high/low 
round out.; etc. 
- failures on the touchdown : touching down befor attaining proper landing attitude; loss 
of aircraft control during touchdown and roll out; touching down while drifting; etc. 
- failures on the after-landing roll : excessive braking after touchdown; failure to maintain 
directional control on rollout; etc. 
Figure 2.15 Approach and Landing phases [10]. 
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2.4. In Flight Loss of Control 
As mentioned befor the LoC-I is one of the major causes of accidents and incidents in 
aviation. It is possible to categorise the LoC-I's occurances in connection to their origin. 
There are different categories, that are some times actually dependent on each other. A 
possible categorisation of causes that can lead to a LoC-I is listed in Table 2.1 [9]. 
 
CATEGORY EXAMPLES 
System Control 
Failure 
- Multiple engine failure 
- Major electical failure 
- Loss of malfunction of flight instrument dysplays 
- Loss of correct function of a significant element of the flying controls 
Structural Failure 
and/or Loss of 
Power 
- Mid air collision 
- Explosive decompression 
- Fire on board or a wing fire 
- Contaminated or otherwise abnormal engine fuel feed 
Crew Incapacitation - Smoke and/or fumes in the flight deck  
- Malfunction or incorrect control of the pressurisation system that can lead to a 
hypoxia 
- A deterioration in the physical or mental condition of the pilot 
Flight Management 
or Control Error 
- Incorrect aircraft performance calculations 
- Unintentional pilot mis-management of critical systems (engines, autopilot, fuel 
transfer, fuel exhaustion, pre-flight fuel loading, etc.)  
- Inappropriate or absent responses to relatively minor abnormalities which 
would normally not threaten the flight safetiness  
Enviromental 
Factors 
- Ice accretion on the airframe or sensors before take off or during flight 
- wind shear 
- severe air turbulence 
- ice entering or volcanic ash or flocking birds entering the enginees 
- damage caused by runway surface debris  
Aircraft Load - The aircraft is loaded for flight outside the flight envelope 
- The aircraft is mis-trimmed because the actual loading of the aircraft is not as 
documented 
- Because of the in-flight load shift or fuel transfer the flight arises outside the 
flight envelope  
Malicious 
Interference 
- Loss of aircraft structural integrity or direct interference with aircraft control 
provoked by people on board, unaccompanied explosives or external attack 
Table 2.1 Causes that can lead to a LoC-I.
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3. Related solutions  
As mentioned in the motivation of this thesis, the LoC-I of an aircraft represents the cause 
of a large number of accidents in aviation. Most of them are somehow connected to a stall. 
Therefore, a large number of warning devices, safety devices and stall characteristics 
improvements were designed to prevent a stall, to postpone it, to make it less severe, or to 
make recovery easier. 
3.1. Stall warning sistems 
Even though haptic, visual and audible warning systems are very often connected, a 
distribution in correspondence to each sense – hearing, eyesight, haptic 
 
3.1.1. Audible devices 
A variation of stall warning devices is the stall horn (Figure 3.1 Stall horn [11]) based on audible 
feedback. It consists in a horn installed in a wing leading edge. An atmospheric vacuum at the leading 
edge occurs because of an imminent stall. This vacuum draws air through the horn, making a sound 
[12]. 
Beside the stall horn there are others possible audible warning feedbacks such the angle of 
attack limiter and others. 
Figure 3.1 Stall horn [11]. 
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3.1.2. Visual devices 
Visual indicators, which offer the pilot the perception of their aircraft's aerodynamic 
performance, have been designed and developed. They are based on the aircraft's angle of 
attack, which is defined by measuring, with an AoA sensor, the pressure difference between 
the air flowing underneath the wing and the static air around the aircraft. For each possible 
flight configuration a limited angle of attack is predetermined.  
- The angle of attack (AoA) indicators: they may vary in their presentation, considering 
they are available through several manufacturers, but they all transmit the same 
information (Figure 3.2). The amount of lift the wing is generating at a given angle of 
attack is the visual indication this device offers. Besides the visual information, there is 
the possibility of a combined aural tone, which indicates the safety margin [13].  
 
- The pitch limit indicators: they show the limit of the increase of the pitch angle before 
stalling (Figure 3.3). The actual difference with the AoA indicator is in the way of 
displaying the information, considering they are based on the same concept [15]. 
 
Figure 3.2 Working principle of the AoA indicator [14].  
 
Figure 3.3 Pitch limit indicator [16].  
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3.1.3. Haptic devices 
Various uses of haptic feedback, with the aim of warning the pilot about the onset of a stall 
and reducing disorientation, were already developed and applied.  
- The stick shaker:   
a stall warning mechanical system, connected to lift detectors and angle of attack sensors, 
which shakes the control yoke when a stall is imminent. This kind of device, shown in 
Figure 3.4 (b), is normally installed in aircraft equipped with power steering or with the 
flight-by-wire control system in order to simulate the stick shaking that the aircraft would 
experience in case of directly connected control surfaces [17]. 
- TSAS – the Tactile Situation Awareness System:   
an experimental device, shown in Figure 3.4 (a), and designed in the year 2000, that 
consisted in a torso harness, fitted with multiple actuators, that can continuously update 
the pilot’s awareness of position [18].  
 
Automatic haptic devices 
Systems, designed as a consequence of the LoC-I, are mostly proximity warning systems. 
Most of them contain no provisions for variations of the flight course, they are passive, and 
they rely on pilot awareness and competence to recover from the situation.  However, in 
some circumstances (e.g., loss of cabin pressure after a bird strike through the cockpit 
windshield) pilot awareness or ability may not be up to the task to control and recover the 
aircraft. Therefore, some systems and methods for automatic recovery of dangerous 
maneuvers were designed [20]. 
To prevent the aircraft's pitch-up a mechanical device, called the »stick pusher« (Figure 3.4 (b)), is 
often used. This device automatically applies an abrupt push force to the stick, when critical flight 
variables are exceeded, such as the predetermined angle of attack. It prevents the aircraft to enter an 
aerodynamic stall [21]. 
Figure 3.4 (a) TSAS Vest [18] and (b) Stick pusher and shaker [19]. 
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3.2. Stall characteristics improvements 
Some of these devices are simple aerodynamic surfaces mounted on the fuselage or the 
wings of the aircraft with the task to improve flight characteristics by controlling the airflow 
or by stabilizing effect.  
The vortex generator  
Enables a delay of the local flow separation and the aerodynamic stall, with the creation of 
a vortex. This vortex removes some part of the slow-moving boundary layer in contact with 
the airfoil surface and thereby improves the effectiveness of the control surfaces (shown in 
Figure 3.5 and Figure 3.6) [23]. 
If an aircraft is equipped with vortex generators, it does not mean that the stall cannot occur, 
but that occurs at a lower airspeed or higher AoA than the same aircraft without vortex 
generators. 
 
 
 
Figure 3.5 Common vortex generator design [22]. 
 
Figure 3.6 Airflow along the leading edge of the wing with (b) and without (a) vortex 
generation [24].  
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The stall strip  
In the area of the strip a stall condition is created to produce the desired pitch characteristics for safe 
recovery from the stall; that means that controls the location on the wing, where the stall starts [26]. 
In this way ensures that the root section of the wing stalls first, as shown in Figure 3.7 and Figure 
3.8.  
The stall fence 
Shown in Figure 3.9, the stall fance stops separated flow progressing out along the wing. It 
also allows to control the stall in an aircraft wing [26]. 
 
 
Figure 3.7 Common stall strip design [25]. 
Figure 3.8 Airflow along the leading edge of the wing with (b) and without (a) stall strip [27]. 
Figure 3.9 Example of stall fance [28]. 
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The anti-stall strake  
The anti-stall strake, shown in Figure 3.10, generates a vortex on the wing upper surface to 
control the yaw and pitch of the aircraft at high angles of attack and to postpone the stall 
[29].  
 
The aerodynamic twist  
The airfoil shape of the wing varies from the root to the tip (Figure 3.11). In this way causes 
the wing root to stall before the wing tip, making the stall gentle and progressive and giving 
the possibility to maintain the roll control when the stall begins  [31]. 
 
 
 
Figure 3.10 Anti-stall strake examples [19]. 
Figure 3.11 Example of aerodynamic twist [32]. 
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4. Haptic feedback 
If we consider human senses, there are several ways of interaction that the pilot can use while 
flying an aircraft.  
According to [33], the visual sense is the primary one for gathering information. But we 
should consider it already overloaded since the demand for getting orientational and altitude 
information. Furthermore, most of the instruments are visual demanding. 
The audial sense, combined with the oral modality, is used for communication, or in some 
cases to provide information about the rate of climb (variometer), or as different kinds of 
warning.  
In the previous chapter, it is possible to get acquainted with several devices that provide 
information about the flight situation with different kinds of feedback. All of them aiming 
to increase the pilot awareness about imminent danger. But analyzing them thoroughly, we 
can notice a lack of information about the desired reaction with the control stick.  
Considering what written above, the decision to use haptic senses for covering such lack 
seems to be the most reasonable. In this way, the visual and the audial senses will not be 
additionally loaded. 
 
4.1. What does haptic mean? 
Our body makes use of various senses to process the outside stimuli. According to [34], there 
are 19 bones, which are composing the human hand. Their intricate arrangement is connected 
by almost the same amount of frictionless joints and covered by soft tissue (i.e. tendons, 
ligaments, skin, fat, synovial membranes, muscles, nerves, etc.). Thanks to the 20 intrinsic 
and extrinsic muscles, connected to the bones through numerous tendons, the hand offers 
around 22 degrees of free movement. The skin that covers it includes various receptors and 
nerve endings, which are playing the role of the sensory system together with the joints, 
tendons, and muscles. To perceive the surface features of an object in contact with the hand 
the tactile sense is used. This sensation usually conveys through the skin: specific stimuli – 
mechanical, thermal, or chemical – activate different receptors, which transmit the 
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information to the brain through electrical neural impulses [34]. The kinesthetic sense is the 
one that enables the perception of the positions, movements of our own body and the forces 
acting on it: arising within the muscles and tendons, it allows us to interpret where our limbs 
are in space and in relation to ourselves [35]. 
[34] affirms that the fine shape, texture, and rubberlike compliance of the object within the 
contact region are sensed by the tactile sensors in the skin, and that the properties of objects 
that require hand or arm motion for exploration are conveyed by the kinesthetic system. 
Haptic rendering is the umbrella term that encompasses both, tactile and kinesthetic 
rendering. Each rendering refers to the process of modeling and reproducing the physical 
stimuli that induce each sensation [36]. 
 
4.1.1. Tactile sensing 
Skin 
The skin is considered the larger organ of the human body. With the aim of protecting and 
regulating the temperature, is the boundary layer between the internal organs and the outside 
world. Therefore is richly innervated with a variety of afferent nerve fibers: axonal nerve 
projections that arrive at a particular region. It is due to this afferents, also called receptors, 
that human skin senses mechanical, thermal, chemical, or electrical stimuli from the outside.  
The skin is divided into hairy and non-hairy (glabrous) skin.  
There are three layers that are composing the skin (Figure 4.1):  
- The epidermis - the outermost layer that provides a waterproof barrier;  
- The hypodermis - the deeper layer, made of fat and connective tissue; 
- The dermis - the intermediate layer between the epi- and hypodermis, which contains 
tough connective tissue, hair follicles (in the hairy skin), and sweat glands.  
 
Figure 4.1 Skin layers [37]. 
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Skin Receptors 
Located in the dermis, there are, according to [35], three independent modalities of haptic 
receptors:  
- The mechanoreceptors - sense the pressure, touch, vibration, and tickle sensations;  
- The thermoreceptors - perceiving the heat and cold, they regulate the internal body 
temperature by detecting changes in the environmental temperature which are not 
causing any physical harm; 
- The nociceptors - for the perception of pain. 
There are five different kinds of receptors in the glabrous skin (Figure 4.2) [39]:  
1. The free nerve endings - can vary from thermoreceptors, to mechanoreceptors, or to 
nociceptors. The nociceptors are the most numerous than any other. 
As soon as there is a dangerous temperature change or an extreme pressure or scratch, 
that run deep into the surface of the skin, the thermal nociceptors or the mechanical 
nociceptors are supposed to detect it, send the signal to the brain and the spinal cord, and 
to produce the sensation of pain. 
2. The Meissner’s corpuscles - known as tactile corpuscles, they are found in dense 
concentration in susceptible areas such as lips, nipples, palms, and soles. Their 
responsiveness is rapid and high on a light touch, and they are mostly located in the 
dermis's superficial layer of the glabrous skin.  
3. The Merkel’s disks -  they sense the pressure and texture feedbacks. Situated just beneath 
the epidermis, they are slowly adapting receptors. 
4. The Pacinian corpuscles – enclosed in a layer of connective tissue, they perceive the 
sense of vibration and deep pressure touch. They are acutely sensitive, and they can sense 
extremely light vibrations. 
5. The Ruffini endings – spindle-shaped rapidly adapting receptors for touch, pressure and 
deep stretches. They help us to grip and hold objects, considering that they monitor 
movements of a foreign object along the skin. 
In addition to these five, there is one more type of receptor in the hairy skin: the hair follicle 
receptors –  moderately adapting and very sensitive receptors, which detect any change and 
displacement of the hairs, even if the skin is not directly touched [39].  
 Figure 4.2 Skin Receptors [38]. 
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4.1.2. Kinesthetic sensing 
As already mentioned, the term kinesthesia refers to the body perception of its limb position  
and movements, and the perception of forces as well.  
To enable these sensory perceptions the activity of some receptors, which provides the 
central nervous system (CNS) with informations, is needed. Informations such as where our 
limbs are in space, or when our limbs have moved, or the mechanical properties of the object 
with which they interact, etc. The receptors that collaborate in perceiving such informations 
are located in muscles, skin and joints [40]. 
According to [41], it is proven that the receptors located in the muscles are more important 
than those located in the joints, in particular, the role played by muscle spindles. Their 
activity provides the information about the static length of muscles, the rate at which muscle 
length changes, and the forces muscles generate. However the contribution to the kinesthetic 
perception, all the receptors mentioned below are in constant cooperation. By monitoring 
which receptors are activated at the same time, the CNS can determine limb position, 
movements and forces. 
Muscles receptors 
Lying in parallel to the extrafusal muscle fibers, the muscle spindles are elongated structures 
ranging from 0.5 to 10 mm in length, composed of bundles of small intrafusal muscle fibers. 
Due to their position in muscles, spindles are specifically responsive to changes in muscle 
length [40]. Intrafusal fibers  are small, specialized muscle fibers, which can be of two 
different types: the nuclear bag fibres and the nuclear chain fibres (shown in Figure 4.3).  
 
Located in the muscle spindles, there are two types of mechanoreceptors (Figure 4.4) [40]: 
1. The primary spindles  
- they terminate on both types of intrafusal fibre;  
- they are much more sensitive to the velocity and acceleration component of a 
lengthening contraction.  
- their discharge rate increases considerably with the increasing velocity of the 
stretch.  
2. The secundary spindles 
- they innervate only the nuclear chain fibres.  
- they show much less dynamic responsiveness and have a more regular discharge 
rate than primary receptors at a constant muscle length 
Figure 4.3 A nuclear bag and a nuclear chain fiber [42]. 
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The overall number of receptors is not clearly associated with the kinesthetic abilities. 
Spindle density appears to depend more on muscle size rather than function [40].  
There is possible to find a third type of mechanoreceptor in muscles: The golgi tendon organ. 
It is an encapsulated receptor about 1 mm long and 0.1 mm in diameter, normally found at 
the junction between the muscle tendon and a group of 10-20 extrafusal muscle fibers 
(Figure 4.4). Because of its position, when the muscle is stretched the stiffer tendon is not 
much affected: most of the tension applied is used in stretching the relatively compliant 
muscle fibers. Beside it, each golgi tendon organ is arranged in series with just a few 
extrafusal muscle fibres (average 7 – 10) out of thousands of them (about 25.000). Therefore, 
when the muscle is stretched, the golgi tendon organ experiances just from 7/25.000 to 
10/25.000 of the applied tension. Because of that it is possible to affirm that is relatively 
insensitive to tension applied to the muscle by stretching it [42]. 
If the muscle contracts, the tension developed by the extrafusal fibers is transferred directly 
to the tendon organ associated with them. Therefore the golgi tendon organ is extremely 
sensitive to tension developed by the muscle when it contracts [42]. 
The number of tendon organs in different muscles varies considerably, and some muscles 
don't have any tendon organ receptors. They are always less frequent and more variable in 
number than spindle receptors [42]. Even though differences in location and sensitivity to 
different forms of stimulation exist, these three type of receptors always cooperate in 
controlling the activity of the muscles. 
 
Figure 4.4 Picture of enlarged muscles receptors [43]. 
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Joint and skin receptors 
As mentioned above, the muscles receptors play a more important role in the kinesthetic 
sensing. In fact for joints such as knee or elbow, joint and/or skin anesthesia does not have 
a significant influence on the perception of limb position and movements.  
The human hand has a very complex anatomical arrangement of muscles, with most of them 
acting over several finger joints, which results in a considerable ambiguity of muscle spindle 
receptor discharges. Therefore, the inputs given by the skin and joint receptors appear to be 
particularly important for the perception of the finger movements and positions. The hairy 
skin overlying the active joint contain cutaneous receptors that are capable of very precise 
encoding of joint movements through their responses to stretch [40]. 
The skin receptors that take part in the kinesthetic sensing are the same mentioned in Chapter 
4.1.1. Therefore, a description of only joint's receptors follows. There are many sensory 
nerve fibers ending in the joint capsules and in the ligaments around the joints. Some are 
free-ending receptors, others are encapsulated endings that correspond anatomically and in 
responsiveness to encapsulated receptors in the glaborous skin. They are divided into four 
groups (Figure 4.5) [44]: 
1. Ruffini-like receptor reasembles the Ruffini corpuscles in the dermis. They are found 
mainly in the fibrous part of the joint capsules. They are slowly adaptive and capable of 
signaling joint position, movements, and direction and speed of movements. However 
this kind of signalling is limited. 
2. Paciniform receptor reasembles the Pacinian corpuscle but is considerably smaller. 
These kind of receptors are present in the periosteum near the articular attachments and 
the fibrous part of the joint capsule. They are rapidly adapting, therefore, they can inform 
only of joint movements, and not of static position. 
3. Golgi-type endings reaseble the Golgi tendon organ and are present in ligaments only. 
They have a high threshold of activation, and they are slowly adapting. While their 
functional role is unknown, it has been suggested that they possibly play a protective role 
in the joint. 
4. Free nerve endings are found in the joint capsule and connective tissue surronding a 
synovial joint. They are the most numerous type of receptor innervating the joint capsule 
and are also the smallest in size. They have a really high threshold for activation, and 
they are slowly adapting.  
 Figure 4.5 Example of knee joint innervation [44]. 
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4.2. Vibro-tactile feedback 
The use of vibro-tactile feedback as guidance is wide and broadly applied. With the aim of 
reaching different tasks, numerous applications were developed: as vibrating belts, shoulder 
pads, dorsal and ventral torso vests, arm and wrists bands. When referring to the tasks of 
guidance, it is possible to divide them into three categories. Attentional guidance, where 
vibro-tactile feedbacks are used to direct the attention to the location of critical events; 
movement guidance, where the use of vibro-tactile feedbacks is to guide movements and to 
enhance motor learning and training; and spatial guidance, where vibro-tactile stimulation is 
used directly to guide humans toward a specific target [45]. 
In the field of aviation various uses of haptic feedback, with the aim of warning the pilot 
about the onset of a stall and reducing disorientation, were already developed and applied 
(described in chapter 3.1.3).  
The aim of this project it does not only linger over attentional guidance (i.e. to warn) but it 
also dwells on spatial and movement guidance (i.e. to guide into a precise way of flying and 
into solving dangerous flight mode). That is why the aim of this thesis is, as already 
mentioned, dedicated to find, to design, to test and evaluate different GMs. In consequence, 
a research on vibro-tactile parameters, which can be modified to achieve different GMs, 
follows.  
The parameters which can affect the vibro-tactile feedbacks are the parameters of cutaneous 
perception (i.e. tactile perception). Different motifs can represent simple actions and, when 
combined, they can represent even more complex concepts. Of course, these kinds of 
connections between the motifs and their meaning require being learned [46]. 
In order to interfere with the pilot concentration more slightly, the right reaction on the GM 
should be almost automatic.   
Therefore, one of the aims we tried to achieve is to design the final GM as simple and as 
intuitive as possible. 
The parameters, which can be manipulated, often vary depending on the type of the actuator. 
Not all of them allow influencing all the parameters.  
In general, the tactile affectable parameters are frequency, amplitude, waveform, duration, 
rhythm, and body location:  
- The frequency (Figure 4.6) represents the number of cycles per second [47].  
 
 
Figure 4.6 Example of three different frequence's graphs. 
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- The amplitude (Figure 4.7) defines the strength of the vibration stimuli, which are 
detected just when the amplitude exceeds a specific threshold [47].  
 
- The waveform (Figure 4.8) is a much less important variable because its perception is 
much more limited. The sine and square waves are possible to differentiate, but slighter 
differences are almost imperceptible [46].  
 
- When varying the length of a single pulse we are affecting the duration (Figure 4.9) of 
the vibro-tactile signal [47]. 
 
- The rhythm (Figure 4.10) represents groups of pulses of different durations which are 
putted in a temporal pattern [47]. 
 
- As different locations across the body have different levels of sensitivity and spatial acuity 
it is possible to use spatially distributed actuators as the variable of body location, which 
notifies the position of the stimuli [46].  
According to [47], the frequency and the amplitude can be treated as one parameter, called 
intensity, considering that they both change according to the change of voltages, and the 
change is almost linear.  
Figure 4.7 Example of three different amplitude's graph. 
Figure 4.8 Example of different signal's waveforms. 
Figure 4.9 Example of signal's changing duration. 
Figure 4.10 Example of different rhythm patterns. 
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5. Hardware 
5.1. Joystick 
The primary task of a joystick is to translate the movement of a plastic stick into digital 
information that the PC can process. 
In the hardware used for the experiment a Genius MaxFighter F-16U joystick (Figure 5.2) 
with a conventional analog design was used. It's purpose was to represent the aircraft's 
control stick. The joystick's ponteciometers were connected to the microcontroller in order 
to read the position.  
According to the amount and the type of information that can be passed on, the design of a 
joystick varies. 
5.1.1. The basic joystick's design 
A plastic stick is attached to a plastic base with a flexible rubber sheath. Underneath the 
stick, there is a printed circuit board (PCB) that connects several contact terminals with its 
printed wires into more smaller circuits.  
When the stick is in a neutral position, only one of this smaller circuit conducts electricity 
while the others are broken with four switch buttons. Each of this switch buttons represents 
one of the four primary directions – upward, downward, left and right. A movement in any 
direction switches the mutual button closing the reciprocal circuit. The PC picks up the 
charge detecting which it was. In this way, it is possible to distinguish and perceive the 
different directions (Figure 5.1).  
As an upgrade of this switcher, there is the additional possibility to recognise the diagonal 
position with the closing of two switches simultaneously. In any case with this basic version 
of a control stick, it is not possible to distinguish the intensity of the movement. It is possible 
only to process the absolute values [48]. 
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5.1.2. The conventional analog joystick's design 
To provide a full range of motions with the use of the joystick in the digital reality, the 
coordinates of the stick's position on two axes are needed. The position of two shafts is 
measured in order to achieve the location data. The pivoting of this two shafts is connected 
with the motion of the stick – one shaft is connected with the up and down motion, the other 
with the left and right. This pivoting is monitored with two potentiometers [48].  
According to the position of the contact arm of the potentiometer, which changes with the 
pivoting of the shaft, the resistance acting on the current flowing through the circuit changes. 
The charging speed of the capacitor of the computer's analog-to-digital converter depends 
on the potentiometer's resistance. Due to the different charging and discharging timings, the 
converter can determine a numerical value the computer can recognize, and therefore, read 
the joystick's position [48].  
This kind of analog-to-digital conversion process isn't very accurate because the converter it 
is not part of the joystick's system itselfe, and this compromises the joystick's sensitivity. 
Beside this, to determine regurarly the position of the stick, the host computer has to dedicate 
a lot of processing power. Because of this, a lot of power is taken away from the other 
operations [48]. 
To get rid of these defects, a sensitive analog-to-digital converter chip is implemented in a 
specialized game adapter card or in the joystick itself, in order to spit out directly digital 
information to the computer. This improves the accuracy of the stick and reduces the work 
load on the host processor [48]. 
In newer versions the analogue potentiometer technology is replaced with the use of optical 
seansors, and on some a force feedback was also added with the idea to move the stick in 
conjunction with the onscreem action [48].  
Figure 5.1 An early joystick design [48]. 
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5.2. Vibration enginees 
Their main purpose is to create vibrations.  
For the experiment's hardware two LG Optimus Black P970 mobile phone vibration 
enginees were used for direction signalling. They were placed on the joystick in two 
directions – forward and backward, and fastened by four layers of double-sided tape to 
insulate the joystick from spreading vibrations in all directions. (Figure 5.2) 
According to their operating principle, they are devided into the eccentirc rotating mass 
(ERM) motors and linear resonant actuators (LRA).  
 
5.2.1. Eccentric Rotating Mass (ERM) Motor 
There are a lot of different versions of motors operating on this principle. Motors such as 
pager motors, coin motors, powerful vibration motors, encapsulated vibration motors, and 
micro direct current (DC) motors The explanation of the two most common, pager and coin 
motors,  follows. 
Pager 
Works on the principle of a DC motor that has an offset mass attached to the shaft. (Figure 
5.3) This mass causes a centrifugal force during the rotation, resulting in a displacement of 
the motor. Due to this asymmetric forces, the constant displacement and motion of the motor 
are perceived as a vibration [49]. 
Figure 5.2 Experimental hardware. 
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Coin 
It has the same operating sistem as the pager but it's eccentric mass is kept in it's small circulr 
body. It consists of a small flat PCB, on which the three-pole communitcation circuit is laid 
around an internal shaft in the centre. (Figure 5.4) It's profiles are extremely low, therefore, 
it is restricted in the amplitude. It has relatively high start voltage.  
It is commonly used in applications with restricted space, due to it's small size [50].  
 
Figure 5.3 Pager's components scheme  [49]. 
Figure 5.4 Coin's components scheme [49]. 
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5.2.2. Linear Resonant Actuators (LRA) 
They are really precise vibration enginees that produce an oscillating foce across a single 
axis. Their operating principle is based on an alternate current (AC) voltage that drives a 
voice coil pressed against a moving mass connected to a spring. (Figure 5.5 LRA's 
components scheme [49]) The actuator vibrates at a perceptible force just when the voice 
coil is driven at the resonant frequency of the spring.  
It is possible to adjast frequency and amplitude by changing the AC input [51].  
 
5.3. Arduino MEGA2560 microcontroller 
Arduino (Figure 5.6) is an open-source platform used to build electronic projects, and it 
consists of a microcontroller and a piece of software, or integrated development enviroment 
(IDE). It is used to write and upload computer code to physical boards. It is possible to use 
a simple USB cable to load a code on the board. It was designed to interact with buttons, 
LEDs, motors, speakers, GPS units, cameras, the internet, etc [52]. 
It exists in different varieties with some differences in it's components and capabilities.  The 
most commonly used is the Arduino Uno, but other boards, such as LilyPad Arduino, Red 
Board, Arduino Leonardo, etc., are also used as brains behaind almost any electronics project 
[52].  
As part of the experiment's hardware an Arduino MEGA2560 board was used in order to run 
the control code from a MatLab environment. 
It consists in 16 analog inputs that can read the signal from an analog sensor and convert it 
to a digital value, 54 digital inputs/outputs, a power jack as power source,  an USB 
Figure 5.5 LRA's components scheme [49]. 
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connection that can act as a power source and load code from the computer to the board, and 
a reset button that can restart any code that is load on the Arduino [52].  
 
Figure 5.6 Arduino MEGA2560 [52]. 
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6. Software framework 
6.1. The developement of the code 
Before starting with the designing of different GMs, another experiment was done. During 
this first experiment, with the aim of examining the human reaction on directional vibration 
impulses, the hardware was made (Figure 5.2). A joystick representing the control stick, with 
four vibration engines representing four main directions (forward, backward, left and right), 
and one vibration engine simulating interferences caused by aircraft vibrations. As results of 
this experiment the hypothesis that the humans are able to distinguish directional vibrations 
of a control stick was confirmed. A preferred reaction direction (toward the vibration) was 
evaluated more intuitive and automatic. The interference caused by the fifth vibration engine 
did not influence results by either objective or subjective evaluation [53]. 
When the conclusions mentioned above were made, the developing of different GMs started. 
The first step was to define which variables can be affected. Based on previous research on 
vibrotactile guidance, the main affectable parameters that can be modified in order to encode 
information are in general intensity, waveform, duration, rhythm, and body location (chapter 
4.2). 
According to [54], it is not possible to modify the waveform of the signal because its 
manipulation would require specific hardware. Furthermore, in our case, the body location 
parameter was already used as the perception of the directions. 
In summary, guiding can be conducted by altering just three parameters: intensity, rhythm, 
and duration. Considering that the intensity is a parameter that can be affected in 
combination with both, rhythm and duration, and particularly considering that its value 
should be decided in spite of the interferences caused by aircraft vibrations, this parameter 
was decided to be set aside and to be analyzed in the future. Therefore, the main focus of the 
experiment is just on rhythm and duration. Consequently, the following options were 
available: »Only Rhythm« (OR), »Rhythm & Duration« (R&D), and »Only Duration« (OD). 
In order to validate whether all of these options are easy to perceive and to interpret, they 
were investigated in a first pilot test. 
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In order to simplify the coding, and taking in consideration that the overall aim of this 
experiment was to examine and design intuitive ways of encoding of the distance 
information with vibrotactile feedbacks, the decision to dwell just with two directions, 
forward and backward, was taken. 
6.1.1. Pilot test description and specification 
The pilot test was performed on a 27 years old male subject. He had to try all three methods. 
The primary task of each method consisted of following the vibrations to a specific randomly 
chosen position and trying to hold it. The subject had to perform 1 trial for each method. 
Each trial consisted of reaching and holding 21 desired positions (DP). The subject was 
asked to talk about his perceptions and reactions assosiated with the vibrotactile feedback.   
 
The GMs' design: 
 
 
 ONLY DURATION 
STEP 1  
the new DP 
is chosen 
A periodic vibration points the direction in which to move the 
joystick – i.e. toward the vibrations 
STEP 2 
moving the 
joystick in 
accordance 
with the 
vibrations 
The closer the joystick's actual position (AP) gets to the DP, the 
shorter the pulse's duration gets. 
STEP 3 
reaching  
and 
holding the 
DP 
· When the DP is reached, there are no more vibrations. The 
same is applied when the position is held successfully. 
· If the joystick is moved from the DP, a periodic vibration points 
the direction in which to make the correction. The pulse's 
lenght depends on the distance between the DP and the AP. 
MAIN 
TASK 
Reach and hold the position as precisely as possible until the next 
one will be chosen and pointed by the vibrations. 
Table 6.1 Design of GM OD used for pilot testing. 
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Table 6.2 Design of GM OR used for pilot testing. 
 ONLY RHYTHM 
STEP 1 
the new  
DP  is 
chosen 
A periodic vibration points the direction in which to move the joystick 
– i.e. toward the vibrations 
STEP 2 
moving the 
joystick in 
accordance 
with the 
vibrations 
The rhythm of the vibrations changes in accordance with the 
distance between the  AP and the desired one. There are 5 different 
rhythms connected to this distance: 
 
The interval of the voltage represnting the joystick's movement from 
one extreme to the other one ranges approximately between 0.6562 
V and 4.6756 V.  
Interval's 
name 
x = Distance between DP and AP in volts (V) 
VERY VERY 
FAR 
(x < -3.3 V) or (x > 3.3 V) 
VERY FAR (2.5 V < x < 3.3 V) or (-2.5 V > x > -3.3 V) 
FAR (1.5 V < x < 2.5 V) or (-1.5 V > x > -2.5 V) 
CLOSE (0.5 V < x < 1.5 V) or (-0.5 V > x > -1.5 V) 
VERY 
CLOSE 
(0.025 V < x < 0.5 V) or (-0.025 V > x > -0.5 
V) 
 
 
STEP 3 
reaching  
and 
holding the  
DP 
· When the  DP is reached, there are no more vibrations. The 
same is applied when the position is holded successfully. 
· If the joystick is moved from the  DP, a periodic vibration points 
the direction in which to make the correction. The rythm of the 
vibration depends on the distance between the  DP and the  AP. 
MAIN 
TASK 
Reach and hold the position as precisely as possible until the next 
one will be chosen and pointed by the vibrations 
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 Table 6.3 Design of GM R&D used for pilot testing. 
 RHYTHM & DURATION 
STEP 1 
the new  
DP is 
chosen 
A periodic vibration points the direction in which to move the 
joystick – i.e. toward the vibrations 
STEP 2 
 moving the 
joystick in 
accordance 
with the 
vibrations 
The rhythm of the vibrations changes in accordance with the 
distance between the  AP and the desired one. There are 3 different 
rhythms connected to this distance (»Far distance«, »Closer 
distance«, »Striking distance«). When the joystick is in the »Striking 
distance«, the vibration gets in the same modality as in the OD 
methode: the closer the joystick's  AP gets to the  DP, the shorter 
the pulse's duration gets. 
 
The interval of the voltage represnting the joystick's movement from 
one extreme/edge to the other one ranges approximately between 
0.6562 V and 4.6756 V.  
Interval's 
name 
x = Distance between DP and AP in 
volts (V) 
FAR 
DISTANCE 
(x < -2 V) or (x > 2 V) 
CLOSER 
DISTANCE 
(0.6 V < x < 2 V) or (-0.6 V > x > -2 V) 
STRIKING 
DISTANCE 
(0.025 V < x < 0.6 V) or (-0.025 V > x > -
0.6 V) 
 
 
STEP 3 
reaching  
and 
holding the  
DP 
· When the  DP is reached, there are no more vibrations. The 
same is applied when the position is holded successfully. 
· If the joystick is moved from the  DP a periodic vibration points 
the direction in which to make the correction. The duration of the 
pulse or the rythm of the vibration depends on the distance 
between the  DP and the  AP. 
MAIN 
TASK 
Reach and hold the position as precisely as possible until the next 
one will be chosen and pointed by the vibrations 
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6.1.2. Aim of the pilot test  
The test aimed to stress out only the intuitiveness of the three different GMs mentioned 
above. Therefore, the average deviation from the DP, the maximum deviation from the DP 
and the subject's perception were observed. 
6.1.3. Pilot test measured parameters  
· DP   The DP is a randomly chosen position that is pointed by 
the vibrations and that is supposed to be reached. 
· AP   The AP of the joystick is constantly measured.  
· ErrorAPDP   is calculated from the first moment the DP is reached, 
until the moment when the new position is chosen. It represents the 
deviations from the DP that the subject reaches while trying to hold it. 
𝐸𝑟𝑟𝑜𝑟𝐴𝑃𝐷𝑃𝑙𝑜𝑜𝑝 =  |𝐷𝑃 − 𝐴𝑃𝑙𝑜𝑜𝑝|  
· AE   The Average Error is the average value of the ErrorAPDP. 
· ME  The Maximum Error is the maximum value of the Error APDP. 
The position of the joystick is measured by the potenciometers. The used hardware processed 
the raw measured data, therefore all the measured parameters connected to the position are 
measured in Volts.  
6.1.4. Pilot test evaluation, results and conclusions 
Based on the measurements of the pilot test, the average values of the AEs and the average 
values of the ME's achieved with each of the methods were compared. From the results it 
was clear that the subject, while using the OR method, reached a higher value of the AEs' 
average, a higher value of the MEs' average and of their respective deviations. This is shown 
in Figure 6.2 and in Figure 6.1.  
Furthermore, according to the subjects’ feelings and perception, the OR method appeared 
too confusing and not enough accurate in the striking distances from the DP considering the 
relatively high speeds the hand achieved. 
In conclusion, the accuracy reached by the OR method was asserted insufficient compared 
with the other two suggested methods. Due to the mentioned pilot test’s measurements and 
the subject’s perceptions, the methods were narrowed into two: OD and R&D.  
These two methods were chosen to be tested with a series of tests, in order to evaluate their 
learnability, accuracy and their intuitiveness.  
With the aim to increase the accuracy an addition named »vibration alert« (VA) was added 
to both methods. It is an  implemented short simultaneous vibration feedback of both 
vibration engines, which acts as a warning and occurs just the moment the joystick reaches 
the first time the DP.  
Both versions, with and without VA were tested as well.  
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Figure 6.1 Comparison of the average values of the MEs achieved in all three methods. 
Figure 6.2 Comparison of the average values of the AEs achieved in all three methods. 
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6.2. Encoding for the final testing 
As a result of the pilot tests the GMs were then narrowed into two: OD and R&D. Both 
methods kept in the final test the same design as in the pilot test. The overall design of the 
OD method is explained in Table 6.1 and the one of the R&D method is explained in Table 
6.3.  
Both  method's encodings include two main loops: a for loop is defining the time interval for 
each chosen DP, while a while loop is defining the number of the DPs which will be 
performed each run of the code. This number has to be set before running the code and it's 
value depends on the testing desig. For a better understanding of the software code working, 
a mindset of the main two loops of the code is shown in Figure 6.3.  
To make possible the evaluation of the testig, both codes were implemented with additional 
encodings for various measurements. These additional encodings were added to one or the 
other loop, based on the type of the parameter, in order to make the measuring possible at a 
specific required time. The mindset in Figure 6.4 was done to depict all the parameters the 
software code measures and calculates. Their detailed definitions are stated in Table 6.4 and  
Table 6.5.  
The position of the joystick is measured by the potenciometers. The used hardware processed 
the raw measured data, therefore all the measured parameters connected to the position (i.e. 
AP, DP, ErrorAPDP, OverDP, AE, ME, MODP) are measured in Volts. 
 
 
Figure 6.3 Mindset of the code working. 
Figure 6.4 Mindset of the parameters measured by the software code. 
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 Table 6.4 Definition of each parameter measured or calculated by the software code at the 
end of the »GM Loop«. 
 
PARAMETER DEFINITION 
LT 
It represents the Learning Time of the DP. 
When the new DP is chosen, the Learning Time it starts to be measured. The 
code stops the timing as soon as the HT reaches 1 seond for the first time during 
the duration of the DP. 
DPT 
It represents the duration of the DP. 
When the DP is chosen, the DP Time it starts to be measured and it stops as 
soon as the nex DP is picked.  
AE 
It represents the average value of the ErrorAPDPs and their deviations made 
while trying to hold the DP. 
At the end of each »DP loop« the code calculates the average value of all the 
ErrorAPDPs made when trying to hold it.  
𝐴𝐸 =
1
𝑛
∑ 𝐸𝑟𝑟𝑜𝑟𝐴𝑃𝐷𝑃𝑖
𝑛
𝑖=1
 
ME 
It rapressent the maximum value of the ErrorAPDPs made while trying to hold 
the DP. 
MODP 
It rapressent the maximum value of the OverDPs made while trying to hold the 
DP. 
totalHT It rapressent the sum of all the HTs measured while trying to hold the DP. 
 Table 6.5 Definition of each parameter measured or calculated by the software code at the 
end of the »DP loop«.
PARAMETER DEFINITION 
AP It represents the  AP of the joystick which is constantly measured. 
DP 
The  DP is a randomly chosen position that is pointed by the  vibrations and that 
is supposed to be reached. 
ErrorAPDP 
It represents the deviation from the  DP. 
As soon as the DP is reached for the first time, the distance between the AP and 
the DP (APDP) is measured at each loop in which the AP is not in the DP interval 
(-0.025 < APDP < 0.025). 
OverDP 
It represents the overdrafts across the DP.  
The APDP is measured at each loop in which the AP overcrosses the DP in 
reference to the direction of the initial movement.    
HT 
It represents the Holding Time of the DP. 
In the loop in which the AP reaches the DP interval, the timing of the HT starts. If 
the AP remains inside the DP interval (successful holding) the timing continues 
in the next loop as well, otherwise it resets and it starts the moment the AP 
reaches the DP again. 
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7. Final testing 
7.1. Test description and specifications 
The design of the final test was shaped as soon as the hardware and the software code were 
developed. The number of tested subjects was chosen, the design of the single subject testing 
was made and the evaluation approach was planned. 
7.1.1. Subjects 
The methods were tested on 22 subjects,  16 males and 6 females in an age range between 
21 and 27. They were randomly divided into two groups – 11 subjects per each method - in 
order to avoid any alteration of the measured data during the learning process because of the 
overlapping of the methods.  
7.1.2. Single subject test design 
The testing of each subject was designed based on the planned evaluation. Therefore the 
testing consisted of three parts.  
1) The LEARNING PART (LP) 
The subjects were asked to complete the primary task, which consisted of following the 
vibrations to a specific randomly chosen position and trying to hold it. They had to reach 
and hold 30 positions to get accustomed to the method.  The measurements of this part, 
compared with the AFTER-LEARNING PART, were used to evaluate the learnability 
of the method.  
2) The AFTER-LEARNING PART (ALP) 
The subjects were asked to complete the primary task, which consisted of following the 
vibrations to a specific randomly chosen position and trying to hold it. They had to reach 
and hold 30 positions. The measurements of this part were compared with the 
measurements of the same part of the other method. This comparison was used to 
evaluate the accuracy of the two methods. 
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3) The VIBRATION ALERT PART (VAP) 
The subjects were asked to complete the primary task, which consisted of following the 
vibrations to a specific randomly chosen position and trying to hold it. They had to reach 
and hold 30 positions with the addition of the VA. The measurements were compared to 
the measurements made during the ALP. In this way, they were used to evaluate the 
usefulness of the VA. 
All the subjects were asked to tell their perceptions based on which some results of the 
statistical evaluation were additionally explained. 
Because of the variance of the response, due to the changing of the participants’ attention, 
the haptic sense was isolated by putting headphones with calm instrumental music on each 
subject, preventing them from relying on combining the haptic sense with the audible 
sensing of the vibrations. 
The main parameters on which the evaluation was done are already mentioned and fullly 
described in Table 6.4 and  Table 6.5. In order to expose just those which were used for the 
evaluation, another table, Table 7.1, was added with a short explanation for each of them. 
 
Table 7.1 Short definitions of the parameters used for the evauation of the measurements. 
  
PARAMETER DEFINITION 
totalHT 
The total Holding Time represents the total time in which the 
subject is able to hold the DP successfully. 
LT 
The Learning Time represents the time that the subject needs 
to hold the position at least for the first entire second before he 
makes any deviations from the DP. 
DPT 
The  DP Time represents all duration of the DP. Each DP has a 
different randomly chosen DPT. 
AE 
The Average Error represents the average value of the 
deviations made when trying to hold the DP. 
ME 
The Maximum Error represents the maximum value of all the 
deviations made when trying to hold each DP. 
MODP 
It represents the maximum value of all the overdrafts made 
during the holding of each DP. The overdraft is the overcrossing 
of the DP based on the initial AP. 
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7.2.  Evaluation and results 
The planned evaluation aimed to evaluate the accuracy of each method, the usefulness of the 
VA and the learnability of each method. In order to determine if the thype of the method or 
the additional vibration has anyhow modified the values of the meaurements a series of 
hypothesis tests were conducted.  
7.2.1. The accuracy of the methods 
To evaluate the accuracy of the methods, three two sample one-tailed t-tests with a level of 
confidence of 95% were performed. Each of them is comparing the two methods through 
one of the parameters (AE, ME and HT) achieved by the subjects during the ALP.   
For each test the three conditions for valid t intervals were reached:  
- The data was a random sample from the population of interest,  
- The sampling distribution of the sample was approximately normal (number of 
measurements = 330 per each sample),  
- The individual observations can be considered independent. 
 
1) The AEs achieved by the OD method subjects were significantly lower than those 
achieved by the R&D method subjects with a p value of 0.0025. 
Figure 7.1 shows the frequency of the measured AEs as an approximately normal 
distribution.  
The results of the test are shown in Table 7.2.  
2) The MEs achieved by the OD method subjects were significantly lower than those 
achieved by the R&D method subjects with a p value of 0.00508. 
Figure 7.2 shows the frequency of the measured AEs as an approximately normal 
distribution.  
The results of the test are shown in Table 7.3.  
3) The HTs achieved by the OD method subjects were significantly higher than those 
achieved by the R&D method subjects with a p value of 0.000003. 
Figure 7.3 shows the frequency of the measured HTs as an approximately normal 
distribution.  
The results of the test are shown in Table 7.4.  
All three tests asserted that the OD method is significantly more accurate than the R&D 
method, with lower achieved AEs and MEs, and with higher achieved HTs.   
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AEs_OD AEs_R&D
Mean [V] 0.065 0.079
Variance [V] 0.0022 0.0034
Observations [/] 330 330
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
3.497
0.00025
1.647
H0: μAEs_OnlyDuration - μAEs_Rhythm&Duration = 0
Ha: μAEs_OnlyDuration - μAEs_Rhythm&Duration > 0
0
631
Table 7.2 Results of the t-test made with the comparison of the AEs achieved by the subjects 
during the ALP. 
MEs_OD MEs_R&D
Mean [V] 0.181 0.228
Variance [V] 0.0449 0.0679
Observations [/] 330 330
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
2.578
0.0051
1.647
H0: μMEs_OnlyDuration - μMEs_Rhythm&Duration = 0
Ha: μMEs_OnlyDuration - μMEs_Rhythm&Duration > 0
0
632
Table 7.3 Results of the t-test made with the comparison of the MEs achieved by the subjects 
during the ALP. 
HTs_OD HTs_R&D
Mean [s] 10.49 8.53
Variance [s] 32.85 28.63
Observations [/] 330 330
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
4.55
0.000003
1.647
H0: μHTs_OnlyDuration - μHTs_Rhythm&Duration = 0
Ha: μHTs_OnlyDuration - μHTs_Rhythm&Duration > 0
0
655
Table 7.4 Results of the t-test made with the comparison of the HTs achieved by the subjects 
during the ALP. 
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Figure 7.1 Frequency of the measured AEs during the ALP. 
Figure 7.2 Frequency of the measured MEs during the ALP. 
Figure 7.3 Frequency of the measured totalHTs during the ALP. 
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7.2.2. The usefulness of the »vibration alert« 
To evaluate the effects of the VA three one-tailed paired t-test conducted with a confidence 
level of 95% were performed for each method. Each of them compared parameters (AEs, 
MEs and MODPs) achieved by the subjects during the ALP and the VAP.   
For each test the three conditions for valid t intervals were reached:  
- The data was a random sample from the population of interest,  
- The sampling distribution of the sample was approximately normal (number of 
measurements = 330 per each part),  
- The individual observations can be considered independent. 
Assertions for the OD method 
1) The difference between the achieved AEs during the VAP and the ALP of the testing 
was not significant enough (P = 0.264) to assert that there's an improvement thanks to 
the addition of the VA.  
Figure 7.4 shows the frequency of the measured AEs as an approximately normal 
distribution. The results of the test are shown in Table 7.5. 
2) The difference between the achieved MEs during the VAP and the ALP of the testing 
was not significant enough (P = 0.315) to assert that there's an improvement thanks to 
the addition of the VA.  
Figure 7.5 shows the frequency of the measured MEs as an approximately normal 
distribution. The results of the test are shown in Table 7.6. 
3) The difference between the achieved MODPs during the VAP and ALP of the testing 
was not significant enough (P = 0.283) to assert that there's an improvement thanks to 
the addition of the VA.  
Figure 7.6 shows the frequency of the measured MODPs as an approximately normal 
distribution. The results of the test are shown in Table 7.7. 
Assertions for the R&D method 
1) The AEs achieved during the VAP are significantly higher than those achieved during 
the ALP with a p value of 0.0000012.  
Figure 7.7 shows the frequency of the measured AEs as an approximately normal 
distribution. The results of the test are shown in Table 7.8.   
2) The MEs achieved during the VAP are significantly higher than those achieved during 
the ALP with a p value of 0.000013. 
Figure 7.8 shows the frequency of the measured MEs as an approximately normal 
distribution. The results of the test are shown in Table 7.9. 
3) The MODPs achieved during the VAP are significantly higher than those achieved 
during the ALP with a p value of 0.0097.  
Figure 7.9 shows the frequency of the measured MODPs as an approximately normal 
distribution. The results of the test are shown in Table 7.10. 
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The tests performed on the OD method asserted that the addition of the VA had not led to 
any significant improvement to any of the measured parameters.  
Those performed on the R&D method asserted that the addition of the VA led to a significant 
decrease in the accuracy affecting all three parameters negatively.  
Beside it, 18 subjects out of 22 affirmed that the VA strongly confused them because of a 
sudden additional vibration that made them react with additional movements and less 
accuracy. Based on their assertions the VA is confusing and not enough intuitive. 
 
 
 
Figure 7.4 Frequency of the achieved AEs during the OD VAP and  the OD ALP. 
Figure 7.5 Frequency of the achieved MEs during the OD VAP and  the OD ALP. 
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Figure 7.6 Frequency of the achieved MODPs during the OD VAP and  the OD ALP. 
Figure 7.7 Frequency of the achieved AEs during the R&D VAP and  the R&D ALP. 
Figure 7.8 Frequency of the achieved MEs during the R&D VAP and  the R&D ALP. 
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Figure 7.9 Frequency of the achieved MODPs during the R&D VAP and  the R&D ALP. 
AEs_NONC AEs_C
Mean [V] 0.065 0.067
Variance [V] 0.0022 0.0033
Observations [/] 330 330
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
0.264
1.967
H0: μAEs_NONCONTRA - μAEs_CONTRA = 0
Ha: μAEs_NONCONTRA - μAEs_CONTRA > 0
0
329
-0.6302
Table 7.5  OD method - Results of the t-test made with the comparison of the AEs achieved 
by the subjects during the ALP and the VAP. 
MEs_NONC MEs_C
Mean [V] 0.177 0.185
Variance [V] 0.041 0.062
Observations [/] 330 330
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
0.315
1.649
H0: μMEs_NONCONTRA - μMEs_CONTRA = 0
Ha: μMEs_NONCONTRA - μMEs_CONTRA > 0
0
329
-0.482
Table 7.6  OD method - Results of the t-test made with the comparison of the MEs achieved 
by the subjects during the ALP and the VAP. 
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MODPs_NONC MODPs_C
Mean [V] 0.156 0.147
Variance [V] 0.04 0.042
Observations [/] 330 330
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
0.283
1.649
H0: μMODPs_NONCONTRA - μMODPs_CONTRA = 0
Ha: μMODPs_NONCONTRA - μMODPs_CONTRA > 0
0
329
0.574
Table 7.7  OD method - Results of the t-test made with the comparison of the MODPs 
achieved by the subjects during the ALP and the VAP. 
AEs_NONC AEs_C
Mean [V] 0.079244 0.1062
Variance [V] 0.003396 0.00719
Observations [/] 330 330
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
0.0000012
1.649
H0: μAEs_NONCONTRA - μAEs_CONTRA = 0
Ha: μAEs_NONCONTRA - μAEs_CONTRA > 0
0
329
-4.801
Table 7.8  R&D method - Results of the t-test made with the comparison of the AEs achieved 
by the subjects during the ALP and the VAP. 
MEs_NONC MEs_C
Mean [V] 0.228426 0.3364
Variance [V] 0.067927 0.1664
Observations [/] 330 330
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
0.000013
1.649
H0: μMEs_NONCONTRA - μMEs_CONTRA = 0
Ha: μMEs_NONCONTRA - μMEs_CONTRA > 0
0
329
-4.262
Table 7.9 R&D method - Results of the t-test made with the comparison of the MEs achieved 
by the subjects during the ALP and the VAP. 
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7.2.3. The learnability of the methods 
To evaluate the learnability of each method the ratios between the HTs and the DPTs 
achieved during the LP were compared with those achieved during the ALP. This was done 
separately for each subject with a one-tailed paired t-test with a level of confidence of 95%.  
The same comparison was performed with the LTs parameter. 
For each test the three conditions for valid t intervals were reached:  
- The data was a random sample from the population of interest,  
- The sampling distribution of the sample was approximately normal (number of 
measurements = 30 per each part for each subject),  
- The individual observations can be considered independent. 
Only four subjects out of eleven tested on the OD method reached a significant improvement 
in the HT ratios (p values – 0.00019, 0.015, 0.0034, 0.042), while the measurements of the 
other seven subjects failed to reject the null hypothesis which stated that the HT's ratios 
reached while performing the LP are the same as those reached while performing the ALP. 
The same results appeared regarding the LTs parameter, where four subjects out of eleven 
tested on the OD method reached a significant improvement in it (p values – 0.013, 0.031, 
0.031, 0.0004). The measurements of the other seven subjects failed to reject the null 
hypothesis which stated that the LTs reached while performing the LP are the same as those 
reached while performing the ALP. 
Whereas nine subjects out of eleven tested on the R&D method  reached a significant 
improvement in the HT ratios with p values of 0.0083, 0.046, 0.0073, 0.0018, 0.0019, 0.048, 
0.000004, 0.00028 and 0.0159. The measurements of the other two subjects failed to reject 
the null hypothesis which stated that the HT's ratios reached while performing the LP are the 
same as those reached while performing the ALP. 
MODPs_NONC MODPs_C
Mean [V] 0.19956 0.2551
Variance [V] 0.06772 0.1262
Observations [/] 330 330
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
0.0097
1.649
H0: μMODPs_NONCONTRA - μMODPs_CONTRA = 0
Ha: μMODPs_NONCONTRA - μMODPs_CONTRA > 0
0
329
-2.345
Table 7.10 R&D method - Results of the t-test made with the comparison of the MODPs 
achieved by the subjects during the ALP and the VAP. 
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Meanwhile seven subjects out of eleven tested on the R&D method  reached a significant 
improvement in the LTs with p values of 0.003, 0.016, 0.029, 0.007, 0.0001, 0.0003 and 
0.026. The measurements of the other four subjects failed to reject the null hypothesis which 
stated that the LTs reached while performing the LP are the same as those reached while 
performing the ALP. 
Based on the statistical results the OD method achieved fewer improvements during the 
learning process than the R&D method.  
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8. Conclusion 
Within the frame of this thesis, the following was achieved: 
1) The parameters, which can be manipulated, were defined and studied leading to the 
encoding of three different GMs. 
2) A pilot test was conducted to define their basic intuitiveness, narrowing the GMs down 
to two.  
3) An additional vibration (VA) was added to both methods with the aim of increasing the 
accuracy.  
4) These two methods were tested and evaluated with a series of hypothesis tests. The 
evaluation aimed to estimate their learnability, accuracy, and intuitiveness. 
5) The measurements achieved during the ALP were compared in between of the two 
methods and used to evaluate their accuracy. The tests asserted that the OD method is 
significantly more accurate than the R&D method, with lower achieved AEs and MEs, 
and with higher achieved HTs.   
6) The measurements of the VAP were compared to the measurements made during the 
ALP. This comparison was used to evaluate the usefulness of the VA. The tests 
performed asserted that the addition of the VA had not led to any significant 
improvement or had led to a significant decrease in the accuracy. 
7) The measurements achieved during the LEARNING PART were compared to those 
achieved during the ALP, evaluating the learnability of the method. Based on the 
statistical results the OD method achieved fewer improvements during the learning 
process than the R&D method. This can be explaned taking in consideration the 
previously done conclusions: the OD method achieved  a greater accuracy from the 
subjects, that's why the improvements done from the LEARNING PART to the ALP are 
significantly smaller, unperceivable or inexistent 
In summary, this work produced functioning software frameworks for haptic GMs. Their 
intuitivness, accuracy and learneability were evaluated. It was found that the  OD method is 
significantly  more accurate, that the VA is counterproductive, and that the R&D achieves 
greater improvements  during the learning process because of a lower intuitivness and 
accuracy. Therefore the OD method is estimated as more appropriate. 
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FUTURE WORK 
 
The currently encoded methods are focused mainly on the percieving of the haptic feedback 
through the joystick, i.e. control stick. A similar research focused on the pedal-pilot haptic 
interaction should be done as the next step of this project. After that, both feedbacks, 
joystick's and pedals', could be combined and tested in order to prove their feasibility.  
The implemented framework and functionality could be used in practical applications such 
as flight simulators, especially to observe more in deail their impact in-flight. Performance 
and reliability would of course improve with subject training.
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